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Morphogenesisfamily encode transcription factors that specify positional identity along the
anterior–posterior axis of nearly all metazoans. One among the Caenorhabditis elegans Hox genes is egl-5. A
deletion allele of egl-5 was isolated in a screen for animals which fail to develop swollen tails when exposed
to the bacterial pathogen Microbacterium nematophilum. We show that compromised rectal development,
which occurs as a result of loss of egl-5 function, results in a failure of rectal epithelial cells to express the ERK
MAP kinase mpk-1, which was previously shown to mediate tail-swelling in response to bacterial infection.
Tissue-speciﬁc rescue experiments demonstrated that egl-5 and mpk-1 act autonomously in rectal cells in
the morphological response. The weak egl-5 allele (n1439), which does not compromise rectal development,
fails to affect tail-swelling. We ﬁnd that this allele carries an inserted repeat element ∼13.8 kb upstream of
the egl-5 open reading frame, which speciﬁcally disrupts the cell-speciﬁc expression of this gene in HSN egg-
laying neurons. Together these ﬁndings extend the complexity of regulation and function of Hox genes in C.
elegans and demonstrate the importance of their tissue-speciﬁc expression for correct development and
response to infection.
© 2009 Elsevier Inc. All rights reserved.Introduction
Hox genes have been found in all studied bilaterian metazoans,
where they function to deﬁne the pattern of the organism along the
anterior–posterior axis (Lemons and McGinnis, 2006). The Hox gene
complement of the nematode Caenorhabditis elegans contains one
anterior gene, ceh-13 (lab ortholog), two central genes, lin-39 and
mab-5 (Scr and Antp/Abd-A orthologs, respectively), and three
posterior genes, egl-5, nob-1 and php-3 (Abd-B orthologs) (Aboobaker
and Blaxter, 2003). In accordance with its designation as a posterior
Hox gene, egl-5 is required for the correct speciﬁcation of certain
posterior cell fates in the worm (Chisholm, 1991). This function is
reﬂected in the expression of EGL-5 in numerous posterior cells
(Ferreira et al., 1999). Among them are the hermaphrodite speciﬁc
neurons (HSN),which arise in the posterior of thewormbutmigrate to
the middle of the organism where they innervate the egg-laying
muscles of the vulva. In the absence of egl-5, these cells are not
correctly speciﬁed, resulting in the egg-laying defect (Egl) for which
the genewas identiﬁed (Chisholm,1991; Desai et al., 1988; Trent et al.,
1983). Other cells that express EGL-5 are those of the hindgut (Ferreira
et al., 1999).Hodgkin).
l rights reserved.At hatching, the hermaphrodite hindgut is composed of ﬁve rings
of cells that connect the intestine to the anus. The inner-most ring
constitutes the intestinal rectal valve and is composed of two cells
called irv (intestinal rectal valve). Posterior to the valve is a ring of
three rectal gland cells, rectD, rectVL and rectVR. The remaining three
rings consist of two cells each, K and K′, F and U, B and Y, moving from
anterior to posterior, each of which produces a portion of the cuticular
lining of the rectum. These six cells are usually referred to as rectal
epithelial cells. The outermost ring of rectal epithelial cells, B and Y, is
connected to the hypodermal syncytium (hyp7) that covers the
external surface of the worm (White, 1988). Although most of the
described rectal cells do not divide and remain part of the rectum
throughout the life of the worm, two cells of this larval (L1)
epithelium, K and Y, do not remain so. About 3 ½ h before the L1
moult, K divides once. The posterior daughter of this division, K.p,
becomes a neuron, while the anterior daughter, K.a, takes on the
hypodermal function of the parent cell K (Sulston and Horvitz, 1977).
During the second larval stage, Y withdraws from the rectum,
migrates anteriorly, and transforms into a neuron PDA (Jarriault
et al., 2008). Y is replaced in the rectum by one of the daughters of the
ventral hypodermal cell P12.p, P12.pa (Chamberlin et al., 1999;
Jarriault et al., 2008). There are no further apparent alterations in
the hermaphrodite rectum later in development, suggesting that this
structure is terminally speciﬁed in the early larval stages.
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of the hermaphrodite and is required for the correct speciﬁcation of
some of these cells (Chisholm, 1991; Ferreira et al., 1999). That is, in
the absence of egl-5 the K cell does not divide and the Y cell does
not differentiate. Furthermore, the P12 cell often takes on the fate of
its anterior neighbour, P11. Although F, U and B do not divide in
hermaphrodites, all three are blast cells in males. Together with the
Y cell, which is also a male blast cell, these cells divide post-
embryonically to give rise to 66 surviving progeny that generate the
spicules, post-cloacal sensilla and proctodeum (Sulston and Horvitz,
1977). In egl-5 mutant males, the lineages of all four of these male-
speciﬁc blast cells are abnormal and none of the structures
ordinarily formed from their descendents are made (Chisholm,
1991). While no gross morphological abnormalities in F, U or B have
been reported in egl-5 mutant hermaphrodites, by analogy with the
mutant males, these cells may also be defective in the
hermaphrodite.
We are interested in the interaction between C. elegans and the
bacterial pathogen Microbacterium nematophilum and its effects on
rectal morphology. When the nematode rectum is colonised by this
bacterium, gross swelling of the peri-anal tissue ensues, a phenotype
referred to as Dar, for deformed anal region (Hodgkin et al., 2000).
We have previously demonstrated that this swelling response is
mediated by the ERK MAP kinase cascade (Nicholas and Hodgkin,
2004). When signalling through this cascade is reduced either
through mutation of the cascade's components or by chemical
inhibition of signalling, animals fail to swell when exposed to M.
nematophilum. Since components of the ERK MAP kinase cascade are
expressed in the rectal epithelial cells, we have proposed these cells as
the cellular focus of the Dar response.
Screens have been performed to identify loci which, when
mutated, prevent swelling in response to infection (Gravato-Nobre
et al., 2005). Among the mutants identiﬁed in these screens, two
groups have been identiﬁed. Many interfere with the adhesion of the
infecting bacteria to the rectum. Some, in contrast, show wild-type
like rectal colonization but no swelling in response. Cloning and
characterisation of these bus (bacterially un-swollen) genes stands to
reveal further details of the rectal anatomy and to shed light on the
signals required in this tissue for tail-swelling. Indeed the one
member of this group that has been cloned, e2706, was found to be
a weak sur-2 hypomorph (Nicholas and Hodgkin, 2004). SUR-2 is a
component of the transcriptional Mediator complex that regulates
transcription downstream of the ERK MAP kinase cascade. Here we
report analysis of another among this group of bus mutants, the gene
deﬁned by mutation e2725. We demonstrate that e2725 is an allele of
egl-5 and present evidence that incorrect development of the hindgut
results in a failure to respond to infection through activation of ERK
MAP kinase signaling.
Materials and methods
Nematodes
The animals described as wild type (WT) were C. elegans, variety
Bristol, strain N2. Mutations used are described in (Hodgkin, 1997)
unless otherwise indicated. LG III: dpy-17(e164), egl-5(e2725) (this
work), egl-5(n486), egl-5(n945), egl-5(n988), egl-5(n989), egl-5
(n1066), egl-5(n1439), egl-5(u202), lon-1(e185), mpk-1(ku1), sma-3
(e491), unc-32(e189), unc-79(e1068), nDf16 (Chen et al., 2003).
Extrachromosomal arrays: eEx574 [pHN3c, sur-5::gfp], eEx575
[pHN4c, sur-5::gfp], eEx576 [pHN5c, sur-5::gfp], eEx577 [pHN3d, rol-6
(dm)], eEx578 [pHN4d, rol-6(dm)], eEx579 [pHN5d, rol-6(dm)], eEx594
[17.5 kb egl-5 PCR product, sur-5::gfp], eEx599 [pHN3e, sur-5::gfp],
ausEx11 [pHN8d, rol-6(dm)], ausEx12 [pHN8c, sur-5::gfp]. Integrated
arrays: adIs1783 [mpk-1::gfp] (gift from Y. You and L. Avery), kuIs23
[HS-mek-2(gf), rol-6(dm)] (Wu et al., 1995).Culture of nematodes and infection with M. nematophilum
Nematode strains were cultured largely according to standard
techniques (Sulston and Hodgkin, 1988). E. coli strain OP50 and M.
nematophilum strain CBX102 were grown to stationary phase in LB
medium at 37 °C and mixed at a volumetric ratio of 9:1. Although
infection also occurs with much lower proportions of the pathogen, a
10% mixture was used to ensure that infection was rapid and reliable.
Lawns of thismixturewere seeded onNGMplates andC. elegans strains
were cultured on these plates at 25 °C. To assess infection, wormswere
stained with SYTO 13 as described (Nicholas and Hodgkin, 2004).
Mapping bus(e2725)
Allele e2725 was assigned to linkage group III by demonstration of
linkage to daf-2(e1368)vab-7(e1562) using the strain DA438 with
visible markers on each chromosome (bli-4(e937) I; rol-6(e187) II;
daf-2(e1368)vab-7(e1562) III; unc-31(e928) IV; dpy-11(e224) V; lon-
2(e678) X). A location between visible markers dpy-7 and unc-32 was
deduced from recombinant progeny of hermaphrodites of genotype
dpy-7 + unc-32 / + e2725 +, which gave the order dpy-7 (1/5)
e2725 (4/5) unc-32.
Southern blot
1 μg genomic DNAwas digested with restriction enzymes, resolved
by electrophoresis and transferred to a membrane using standard
methods (Sambrook and Russell, 2001). Prehybridisation, hybridiza-
tion and detection were performed according to standard protocols
using a radiolabelled PCR product corresponding to the egl-5 open
reading frame or digested cosmid C08C3, to detect the egl-5 gene and
the surrounding genomic region, respectively.
Rescue of egl-5(e2725)
A 17.5 kb genomic segment spanning the egl-5 promoter and open
reading frame was ampliﬁed from N2 genomic DNA (0.5 μg) using
primers at positions 25500 and 42995 with respect to cosmid C08C3.
This PCR product (b1 ng/μl) was injected with pTG96 (30 ng/μl) into
strain egl-5(e2725) and one transgenic line was obtained.
Generation of tissue-speciﬁc rescue constructs and transgenic animals
Three plasmids, pLG7, pLG11 and pLG12 were gifts of L. Girard
(Teng et al., 2004). These plasmids contain fragments of the egl-5
promoter cloned into the SalI/XbaI sites of the vector pPD107.94 from
the Fire laboratory vector kit. The egl-5 promoter fragments were
excised from these three plasmids and cloned into the HindIII/BamHI
sites in the ﬁrst multiple cloning site (MCS) of vector pPD49.26 (the
plasmids thus created were named pHN3a, pHN4a and pHN5a, for
fragment 7, 11 and 12, respectively). The pes-10 minimal promoter
was then excised from the pLG7 plasmid and cloned into the BamHI
site in plasmids pHN3a, pHN4a and pHN5a. One clone with the pes-10
promoter in the correct orientation was retained for each and named
pHN3b, pHN4b and pHN5b, respectively. The 1 kb promoter of the
bus-1 gene (Gravato-Nobre and Hodgkin, 2008) was ampliﬁed from
genomic DNA and subcloned into the BamHI site of the ﬁrst MCS of
vector pPD49.26. One correct clone was retained, sequenced, and
named pHN6a. A 661 bp fragment corresponding to positions 25210–
25871 of cosmid C08C3 was ampliﬁed from genomic DNA, inserted
into the HindIII/BamHI sites in the ﬁrst MCS of pPD49.26 and
sequenced (pHN8a). The pes-10 minimal promoter was then cloned
into the BamHI site in plasmid pHN8a, generating pHN8b.
A 669 bp egl-5 cDNA was obtained by PCR ampliﬁcation from the
Barstead cDNA library and subcloned into the KpnI site in the second
MCS of the plasmids created from pPD49.26, pHN3b, pHN4b, pHN5b,
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pHN3c, pHN4c, pHN5c, pHN6b, pHN8c, respectively. The gfp gene was
excised from vector pPD119.16 and inserted into the KpnI site in the
second MCS of pHN3b, pHN4b, pHN5b, pHN6a, pHN8b as a visual
control for expression. One correct clone was retained for each and
named pHN3d, pHN4d, pHN5d, pHN6c and pHN8d, respectively. A
1131 bp mpk-1 cDNA was obtained by PCR ampliﬁcation from the
Barstead cDNA library and subcloned into the KpnI site in the second
MCS of plasmid pHN3b and sequenced. On correct clone was retained
and named pHN3e.
egl-5(e2725) hermaphrodites were injected with 20 ng/μl of
pHN3c (or pHN4c or pHN5c or pHN6b) and 20 ng/μl of pTG96 (sur-
5::gfp). egl-5(n1439) hermaphrodites were injected with 20 ng/μl of
pHN8c and 20 ng/μl of pTG96. N2 hermaphrodites were injected with
20 ng/μl of pHN3d (or pHN4d or pHN5d or pHN6c or pHN8d) and
20 ng/μl of pCes1943 (rol-6(dm)). Three stable transgenic lines were
established from injection of each construct.
Heat shock
Transgenic animals carrying the insertion kuIs23 [HS-mek-2(gf),
rol-6(dm)] (Wu et al., 1995) were cultured at 20 °C until the L3
stage, then heat shocked for 45 min at 37 °C before being returned to
20 °C to develop to adulthood.
Results
Most egl-5 mutations result in a Bus phenotype
Allele e2725was isolated from a screen for worms that fail to swell
on exposure to the rectal pathogen M. nematophilum (Gravato-Nobre
et al., 2005). The mutation does not affect attachment of bacteria but
prevents tail-swelling in response to infection (Figs. 1A, B). In addition
to exhibiting the Bus phenotype, bus(e2725) hermaphrodites are Egl,
backwards–coiler uncoordinated (Unc) and constipated (Con), while
males of this strain have tail developmental abnormalities (Mab)
(data not shown).
Phenotypic mapping demonstrated bus(e2725) to lie between lon-
1 (map position −1.68) and unc-32 (0), on LGIII. Furthermore, the
deﬁciency nDf16 failed to complement e2725. Hermaphrodite animals
heterozygous for this deﬁciency and e2725were Egl, Unc, Con and Bus,
and heterozygous males were Mab. Inspection of the genetic map
within the span of nDf16 identiﬁed the egl-5 gene as a candidate for
bus(e2725) on account of the striking phenotypic similarities between
egl-5 and bus(e2725) mutant strains; egl-5 mutants are also Egl, Unc,
Con and Mab. egl-5 mutants were duly assayed for response to M.
nematophilum. Of seven egl-5 mutant strains tested, six (carrying
alleles n486, n945, n988, n989, n1066, and u202) demonstrated a Bus
phenotype (data not shown). Complementation tests were therefore
performed with two alleles of egl-5, n486 and u202. Both failed to
complement the allele e2725 for all observed phenotypes, including
the Bus phenotype.
A Southern blot probed with radiolabelled egl-5 DNA revealed
deletion of the egl-5 gene from e2725 genomic DNA (Fig. 1C). To
determine the extent of the deletion, e2725 DNAwas probed with the
entire cosmid that contains the egl-5 gene (C08C3), demonstrating
deletion of some ﬂanking DNA (Fig. 1D). PCR of the regions ﬂanking
the egl-5 gene indicated that the start of the deletion lies between
base positions 38000 and 38500 while the end falls between 43000
and 43500, relative to cosmid C08C3 (data not shown). Thus, ∼5 kb is
deleted, removing the entire egl-5 open reading frame (which extends
from position 39475 to 41344 on this cosmid) along with at least 1 kb
upstream and 1.5 kb downstream. PCR across the deletion was
attempted in order to deﬁne the exact endpoints of the deletion but
none of numerous combinations of PCR primers yielded any products,
indicating probable genomic rearrangement at this site.The ﬁnding that the egl-5 gene is deleted from the bus(e2725)
strain and the failure of existing egl-5 mutant alleles to complement
e2725 for the Bus phenotype together demonstrate that the Bus
phenotype in this strain is caused by the deletion of egl-5. This
conclusion was conﬁrmed by the rescue of the Bus phenotype of
e2725 (hereafter referred to as egl-5(e2725)) by an extrachromosomal
array bearing the PCR-ampliﬁed genomic region containing the egl-5
coding region and 14.5 kb upstream thereof (Fig. 1E).
Determining the cellular focus of egl-5 function with respect to tail
swelling
The above ﬁndings indicate that some aspect of EGL-5 function is
required for swelling to occur in response to M. nematophilum
infection. This Hox factor is expressed in multiple cells in the posterior
of the animal, including the intestine, so many sites of action are
conceivable. As described, EGL-5 is expressed in the cells lining the
rectum, which is the site of infection. The possibility that this might be
the cellular focus of EGL-5 function with respect to tail-swelling was
therefore investigated using tissue-speciﬁc promoters. Analysis of
genetic mosaics was also explored but gave too ambiguous results.
The egl-5 promoter has been the subject of intensive study by Teng
and colleagues (2004). By comparing the egl-5 genomic sequence
from C. elegans with that from the related nematode Caenorhabditis
briggsae, twenty sequences of 22–66 bp that are conserved between
the two species, and hence may represent important regulatory
elements, were identiﬁed (Teng et al., 2004). By promoter dissection, a
1.3 kb element was identiﬁed that directs expression in the rectal cells
and three posterior body wall muscle cells. Two sub-fragments were
also deﬁned within this element: a 446 bp sub-fragment which drives
expression in K (but not other rectal cells), and another 469 bp sub-
fragment that directs expression in B (but not other rectal cells) (Teng
et al., 2004).
The 1.3 kb promoter fragment was exploited to test whether
expression of EGL-5 in the cells lining the rectum is sufﬁcient for the
swelling response to infection. Constructs were made in which this
egl-5 promoter fragment was inserted immediately upstream of the
pes-10 minimal promoter (which has little or no activity alone, A.
Fire, personal communication) into the expression vector pPD49.26.
An egl-5 cDNA was inserted downstream of this composite promoter.
A control construct replacing the egl-5 cDNA with a gfp open reading
framewas also made to conﬁrm the reported expression pattern. Wild
type animals carrying extrachromosomal arrays containing the
control construct express GFP in B, F, U, K, P12.pa and three body
wall muscle cells in the posterior, as expected (Figs. 2A, B). egl-5
(e2725) animals carrying the equivalent egl-5 cDNA construct exhibit
tail-swelling in the presence of M. nematophilum (91/113, or 81% of
such transgenics, exhibited some tail-swelling in the presence of
the pathogen, as opposed to 0% (0/115) for egl-5(e2725) and 98%
(127/130) for wildtype worms) (Fig. 2C). That is, driving the
expression of egl-5 in the rectum and body wall muscles is sufﬁcient
to rescue the Bus phenotype of egl-5(e2725).
The 469 bp sub-fragment that had been reported to drive
expression in B and the body wall muscles was also incorporated
into expression constructs. GFP expression could not be detected in B
from this promoter, and was instead only observed in the body wall
muscles (Figs. 2D, E). Expression of the egl-5 cDNA under control of
this promoter did not rescue the Bus phenotype, demonstrating that
expression in the body wall muscle cells is not sufﬁcient for the Dar
phenotype (Fig. 2F). This suggests that body wall muscle cell-
expression of EGL-5 does not contribute to the rescue of the Bus
phenotype afforded by expression of EGL-5 in the rectal and body wall
muscle cells, indicating that the cellular focus of EGL-5 function with
respect to the Bus/Dar phenotype is the rectal cells. Expression of
the egl-5 cDNA under the control of the 446 bp egl-5 promoter
sub-fragment, which was conﬁrmed to drive expression in K alone
Fig. 1. e2725 mutants fail to swell despite establishment of infection by M. nematophilum. The nucleic acid stain SYTO 13 labels the infecting bacteria (green ﬂuorescence) in Nomarski
images of C. elegans tails. (A) Wild type adult shows the Dar (deformed anal region) phenotype in response to infection. (B) Infected bus (e2725) adult hermaphrodite displaying the Bus
(bacterially un-swollen) phenotype. e2725 is a deletion allele of the Hox gene egl-5. (C) Southern hybridization experiment on XbaI-digested genomic DNA using the egl-5 open reading
frame as a probe. The ∼8.8 kb genomic XbaI fragment containing this open reading frame (schematically represented in panel E) is visible in wild type N2 but not in bus(e2725) and
recombinant strains. (D) Southern hybridization experiment on EcoRI-digested genomic DNA using the cosmid C08C3 as a probe. The 6533 bp and 3593 bp genomic EcoRI fragments
(schematically represented inpanel E)ﬂanking the egl-5 gene are visible inwild typeN2 but not in the e2725DNA. E, Schematic representation of the genomic region surrounding the egl-5
gene. Numbers of bases are relative to cosmid C08C3 and open reading frames are indicated by black pointed boxes. XbaI and EcoRI restriction fragments are indicated by grey boxes. Only
those restriction fragments that are visible in the blots shown inpanels C andD are represented in this schematic. The 17.5 kb genomic region used to rescue bus(e2725) is shown by a black
line. (F) overlay ofNomarski andﬂuorescence images of an infected e2725hermaphrodite carrying an array containing the17.5 kb genomic segment that spans the egl-5promoter andopen
reading frame along with the transformation marker sur-5::gfp. The Bus phenotype is rescued by this array. Scale bar in A represents 20 μm for A, B and F.
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strain, demonstrating that expression in the K cell is insufﬁcient for
the Dar phenotype, and indicating that expression in other rectal
cells is required for this response to infection (Fig. 2I).
Loss of function of egl-5 alters the expression of mpk-1 in the rectum
We have previously reported that components of the ERK MAP
kinase cascade that mediates tail-swelling in response to infection arealso expressed in the rectal epithelial cells (Nicholas and Hodgkin,
2004). To test the inference that the rectal cells are similarly the
cellular focus of the function of this cascade with respect to tail-
swelling, an experiment analogous to the egl-5 tissue-speciﬁc rescue
was attempted. The capacity for rectal expression (as directed by the
rectal enhancer element of the egl-5 promoter) of the ERKMAP kinase
mpk-1 cDNA to rescue the Bus phenotype of an mpk-1 mutant was
assessed. Rectal expression of mpk-1 cDNA restored the Dar
phenotype on infection, conﬁrming the rectal cells as the cellular
Fig. 2. Expression of EGL-5 in the cells of the rectal epithelium rescues the Bus phenotype of egl-5(e2725). A and B, Nomarski (A) and ﬂuorescence (B) images of an L4 wild typeworm
carrying plasmid pHN3d. The 1.3 kb fragment of the egl-5 promoter in this construct drives expression of gfp in the cells of the rectal epithelium and body wall muscles. (C) Overlay of
Nomarski and ﬂuorescence images of an L4 egl-5(e2725) hermaphrodite carrying plasmid pHN3c and the transformation marker sur-5::gfp. This worm was exposed to M.
nematophilum and shows the Dar phenotype (arrow); expression of the egl-5 cDNA driven by the 1.3 kb egl-5 rectal promoter fragment in plasmid pHN3c rescues the Bus phenotype.
D and E, Nomarski (D) and ﬂuorescence (E) images of an L4wild typeworm carrying plasmid pHN5d. The 469 bp fragment of the egl-5 promoter in this construct drives expression of
gfp in body wall muscle cells. (F) Overlay of Nomarski and ﬂuorescence images of an adult egl-5(e2725) hermaphrodite carrying plasmid pHN5c and the transformation marker sur-
5::gfp. This worm was exposed to M. nematophilum and shows the Bus phenotype. Expression of the egl-5 cDNA driven by the 469 bp egl-5 muscle promoter fragment in plasmid
pHN5c does not rescue the Bus phenotype. G and H, Nomarski (G) and ﬂuorescence (H) images of an L3 wild type worm carrying plasmid pHN4d. The 446 bp fragment of the egl-5
promoter in this construct drives expression of gfp in the K cell of the rectal epithelium. I, overlay of Nomarski and ﬂuorescence images of an adult egl-5(e2725) hermaphrodite
carrying plasmid pHN4c. This worm was exposed to M. nematophilum and shows the Bus phenotype. Expression of the egl-5 cDNA driven by the 446 bp egl-5 K-cell promoter
fragment does not rescue the Bus phenotype. J, overlay of Nomarski and ﬂuorescence images of an adultmpk-1(ku1) hermaphrodite carrying plasmid pHN3e and the transformation
marker sur-5::gfp. This wormwas exposed toM. nematophilum and shows the Dar phenotype (arrow). Expression of thempk-1 cDNA driven by the 1.3 kb egl-5 promoter fragment in
pHN3e, which drives expression in the rectal epithelium and body wall muscles, rescues the Bus phenotype. Scale bar in panel A represents 25 μm for A–J.
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transgenicmpk-1worms, exhibited a Dar phenotype after infection, as
compared to 0% (0/142) of non-transgenic siblings and 98% (114/116)
of control wildtype worms) (Fig. 2J).
Given this coincidence of focus for EGL-5 and the ERK MAP kinase
cascade, it was pertinent to investigate their relatedness. To this end,
the effect of loss-of-function of egl-5 on infection-independent ERK-
mediated tail-swelling was examined. The insertion kuIs23 [HS-mek-2
(gf), rol-6(dm)] (Wu et al., 1995), which contains a gene encoding the
gain-of-function form of the ERK MAP kinase kinase MEK-2
(S223ES227D), under the control of the heat shock promoter hsp16–
41, was crossed in to the egl-5(e2725) mutant strain. In this mutant
background, tail-swelling following heat shockwas suppressed (6% (6/
106) of egl-5(e2725) kuIs23 worms exhibited a Dar phenotype after
heatshock, as compared to 80% (108/135) of kuIs23 wild type control
worms) (Figs. 3A, B), conﬁrming the connection between EGL-5 and
the ERK MAP kinase cascade, and suggesting a role for egl-5 as either a
downstreamtargetor upstreamenabler of ERK signalling in the rectum.
We have previously reported the observation that the expression of
egl-5::gfp reporters in the rectum is unaltered in an ERK MAP kinase
signaling mutant background compared with their wild type expres-
sion patterns (Nicholas and Hodgkin, 2004). It is unlikely, therefore,
that egl-5 is a downstream target of ERK signaling in this tissue, though
it remains possible that the EGL-5 protein is subject to phosphorylation
or some other form of post-transcriptional regulation. The converse
experiment, examining the expression of thempk-1::gfp reporter in an
egl-5 mutant background was performed. Strikingly, expression wasconsistently absent from the F and U cells throughout larval
development and in adulthood (expression of mpk-1::gfp was
observed in the rectal epithelial cells, including F and U, in 100% of
wild type L1 (16/16), L2 (19/19), L3 (15/15), L4 (21/21) and adult (16/
16) worms, while expressionwas observed in F and U cells in 0% of egl-
5(n486) L1 (0/16), L2 (0/22), L3 (0/16), L4 (0/14) and adult (0/15)
worms, Figs. 3C, D), supporting an upstream enabling role for EGL-5 in
ERK signaling in the rectum. Additionally, the observation of an
alteration of mpk-1 expression in only two of the rectal cells in the
absence of egl-5 suggests a narrower focus of EGL-5 activitywith respect
to the Bus phenotype thanwas previously apparent. That is, it is possible
that expression of egl-5 in F and U might allow expression of mpk-1 in
these cells and so be sufﬁcient to rescue the Bus phenotype.
As yet, there are no known regulatory elements that drive
expression solely in F and U. A test was made using the bus-1 gene
promoter, which drives expression in only three cells, F, U and K
(Gravato-Nobre and Hodgkin, 2008). Constructs containing the bus-1
promoter upstream of the egl-5 cDNA or gfp were made. The bus-1
promoter drove expression of GFP in F, U and K, as expected (Figs. 3D,
E). However, the level of expressionwas low. Expressing the egl-5 cDNA
under the control of this promoter did not rescue the Bus phenotype of
egl-5(e2725) (Fig. 3F), perhaps due to insufﬁcient expression.
The weak egl-5 allele contains an insertion upstream of the egl-5 gene
Although the response of seven existing egl-5 strains to M.
nematophilum was tested, only six of these behaved like the newly-
Fig. 3. Loss of egl-5 function suppresses the effect of MEK-2 overexpression and alters the pattern of MPK-1 expression in the rectum. A and B, Nomarski images of tails of wild type
(A) and egl-5(e2725) (B) adult hermaphrodites carrying the insertion kuIs23 [HS-mek-2(gf), rol-6(dm)] after heat shock at the L3 stage. Tail-swelling is evident in image A but not in
panel B. Scale bar in A represents 30 μm for A and B. C and D, ﬂuorescence images of tails of wild type (C) and egl-5(n486) (D) L4 hermaphrodites carrying adIs1783 [mpk-1::gfp].
Expression is evident in all the rectal epithelial cells in image C, but is absent from the F and U cells in image D. In panel D the F and U cells are marked by ⁎. Scale bar in C represents
10 μm for C and D. Expression of EGL-5 in the F, U and K cells of the rectal epithelium does not rescue the Bus phenotype of egl-5(e2725). E and F, Nomarski (E) and ﬂuorescence (F)
images of an L4wild typeworm carrying plasmid pHN6c. The bus-1 promoter in this construct drives expression of gfp in the F, U and K cells of the rectal epithelium. The brightness in
image F has been adjusted tomake the ﬂuorescence visible. G, overlay of Nomarski and ﬂuorescence images of an L4 egl-5(e2725) hermaphrodite carrying plasmid pHN6b. This worm
was exposed to M. nematophilum and shows the Bus phenotype. That is, expression of the egl-5 cDNA driven by the bus-1 promoter does not rescue the Bus phenotype.
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The seventh strain contains a weak egl-5 mutant allele, n1439 (Desai
and Horvitz, 1989), which, unlike the other tested egl-5 alleles, did not
prevent swelling in response to infection (Fig. 4A). In fact, of all the
egl-5 mutant phenotypes, this weak allele causes only the Egl
phenotype (Chisholm, 1991) implying that the function of egl-5 is
speciﬁcally disrupted in the HSNs by this mutation. Reasoning that the
mechanism of such disruption might be apparent in the molecular
identity of the n1439 allele the egl-5 open reading frame was
ampliﬁed from n1439 DNA and sequenced. The sequence of all
exons and exon/intron boundaries was found to be identical withwild
type, suggesting that, rather than in the coding region, there could
instead be a mutation in a regulatory domain. Radiolabelled cosmid
C08C3 was used to probe n1439 DNA and showed an altered banding
pattern when compared with wild type, indicating an insertion of
∼800 bp (Fig. 4B). From the size of the band absent from the n1439
blot it was possible to infer that the insertion lies between positions
23362 and 26361, relative to cosmid C08C3.
The genomic region surrounding the insertion site was ampliﬁed
from n1439 DNA and sequenced, revealing insertion of a tandem
repeat (19 copies of a 40 base repeat element), and the deletion of
31 bp at the insertion site (Fig. 4C). The insertion is at position 25658
with respect to cosmid C08C3. This is ∼13.8 kb upstream of the egl-5
open reading frame.
The position of the insertion, over 13 kb removed from the egl-5
open reading frame, calls in to question whether this mutation could
be responsible for the observed phenotype, because regulatory
elements in C. elegans are usually located much closer to the
transcribed region. To address this point, an intragenic recombinationexperiment was performed. A heterozygous strain of genotype sma-3
egl-5(n1439) + / + egl-5(n486) unc-32 was constructed, using n486
as the reference null for egl-5 (allele n486 contains a C to T transition,
resulting in the substitution of a highly-conserved arginine residue
(Arg52Cys) within the homeodomain of EGL-5 (Wang et al., 1993)). If
recombination can occur readily between n1439 and n486, animals of
this genotype will yield occasional non-Egl progeny. From 42 self-
progeny broods (a total of ca. 10,000 animals) one non-Egl animal was
indeed recovered and found to have genotype egl-5(n486) unc-32 /++.
Thismust have resulted from recombination rather than reversion of the
n486 base change, which would have given animals of genotype sma-3
egl-5(n1439) / + unc-32.
This experiment conﬁrms that the egl-5 open reading frame in the
n1439 mutant is wild type. Furthermore, it demonstrates that the
n1439 mutation lies to the left of the n486 mutation, from which it is
sufﬁciently distant that a recombination event can take place between
them. This supports the hypothesis that the insertion identiﬁed in
n1439 is causative of the Egl phenotype.
To determine how the insertion in the n1439 strain might affect
the function of the egl-5 gene, a survey of the genomic region
surrounding the insertionwas made. Interestingly, the repeat element
that we have identiﬁed in the n1439 allele is inserted only 3 bp away
from one of the 20 conserved elements of the putative egl-5 promoter
that had been identiﬁed by Teng et al. (2004) (conserved region 2)
(Fig. 5A). Since the only phenotype associated with this insertion is
Egl, the insertion appears to disrupt function of EGL-5 activity
speciﬁcally in the HSNs, suggesting that the region of the putative
egl-5 promoter that is affected by the insertion might be involved in
HSN-speciﬁc regulation of gene expression. To assess this, a 661 bp
Fig. 4. The weak egl-5 allele n1439, which does not affect the response toM. nematophilum infection, contains an insertion of a repeat element ∼13.8 kb upstream of the egl-5 coding
region. (A) Dar phenotype of M. nematophilum-infected egl-5(n1439) adult hermaphrodite. Scale bar represents 20 μm. (B) Southern hybridisation experiment on EcoRI-digested
genomic DNA using the cosmid C08C3 as a probe. An expected band of 2999 bp is absent from the n1439 sample, which shows instead a band of ∼3800 bp. This suggests the presence
of an insertion of ∼800 bp in n1439, located between positions 23362 and 26361 relative to cosmid C08C3. (C) The sequence of the 760 bp repeat element inserted in the n1439 allele
is shown. The genomic DNA ﬂanking the insertion is recorded in lower case while the insertion sequence is in upper case. The insertion consists of 19 near-identical copies of a 40 bp
repeat element (underlined).
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subcloned upstream of the pes-10 minimal promoter into the
expression vector pPD49.26 and a gfp open reading frame was
inserted downstream of this composite promoter. In embryos, GFP
was detected in two cells that are appropriately positioned to be the
HSNs (Fig. 5B). In larvae and adults no GFP was apparent. Moreover,
some transgenic adults carrying this construct were Egl (55% (36/65)
of transgenic worms were Egl, as compared to 2% (2/87) of non-Fig. 5. Conserved sequences upstream of the egl-5 gene direct expression in the HSNs. (A)
Alignment of this portion of the C. elegans genome with that of C. briggsae identiﬁed 20 cons
identiﬁed regions (CR1 and CR2 at positions 25552–25578 and 25629–25655 relative to
(highlighted in grey) is only three bases removed from the insertion site in allele n1439. The
ﬂuorescence images of a 2-fold embryo carrying plasmid pHN8d in which expression of GFP
insertion in allele n1439. Expression of GFP is apparent in two cells that are appropriately ptransgenic siblings), suggesting that the construct can interfere with
the HSN-speciﬁc expression of the endogenous egl-5 gene, perhaps by
titrating out an essential positive regulator of egl-5. To test the
possibility of interference with egl-5 itself, rather than other genes, an
equivalent construct in which the gfp open reading frame was
replaced by an egl-5 cDNA was introduced into egl-5(n1439) worms.
This construct rescued the Egl phenotype of egl-5(n1439) in 81% (47/
58) of transgenic worms.The upper panel shows the egl-5 gene and its nearest upstream neighbour, C08C3.4.
erved intergenic regions (Teng et al., 2004). The vertical black bars represent two of the
cosmid C08C3, respectively). The lower panel shows conserved region 2. This region
31 bp deleted at the site of insertion in this strain is boxed. (B) Overlay of Nomarski and
is under the control of the region of the putative egl-5 promoter that is disrupted by the
ositioned to be the HSNs.
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The mutagenesis screen through which the deletion allele of egl-5,
e2725, that we have characterized here was isolated, was designed to
identify genes involved either in the establishment of infection by M.
nematophilum or in the swelling response to this infection. The egl-5
(e2725) mutation was shown to compromise response rather than
infection, as staining of hermaphrodites carrying this mutation with
SYTO 13 found bacteria adherent to the rectum. egl-5's role as a
posterior-patterning Hox gene suggested that this compromised
response derived from the misspeciﬁcation of certain cell fates in
the posterior of the worm. Among the cells that depend on EGL-5 for
their correct speciﬁcation are those of the rectal epithelium, to which
infecting bacteria adhere, suggesting them as likely candidates for the
cells in which the response to infection originates. Indeed, the ﬁnding
that expression of EGL-5 in the rectal epithelial cells rescued the Bus
phenotype of the egl-5(e2725) mutant, conﬁrmed these cells as the
cellular focus of the Dar response. The correct development of the
rectum appears, therefore, to be essential for the swelling response.
It had previously been reported that in the absence of egl-5, two of
the rectal epithelial cells fail to execute their appropriate fates; Y fails
to differentiate and K does not divide (Chisholm, 1991). While no
gross morphological abnormalities in F, U or B have been reported in
egl-5 mutant hermaphrodites, by analogy with the mutant males in
which the structures arising from these blast cells are absent or
severely defective (Chisholm, 1991), these cells may also be defective
in the hermaphrodite.
This work has demonstrated such a defect; expression of the ERK
MAP kinase MPK-1 was shown to be lost from two of these cells, F and
U, in egl-5 mutant hermaphrodites. This observation is most readily
explained as follows. EGL-5 is required for the correct speciﬁcation of
the rectal epithelial cells, including F and U. Only when these cells are
properly differentiated do they express MPK-1, making them
competent to respond to signals that activate ERK MAP kinase
signalling. In the absence of EGL-5, neither infection by M. nemato-
philum, nor overexpression of a gain-of-function form of MEK-2, is
able to activate signalling through MPK-1, since this protein is absent
from the relevant cells. This failure results in the Bus and suppression-
of-Dar phenotypes displayed by egl-5 mutant hermaphrodites.
The model presented above, in which a Hox gene is required to set
up the competence of certain cells to respond to particular signals, has
a precedent in the worm, because a similar role for the medial Hox
gene lin-39 has been demonstrated. In the vulva, LIN-39 is required
during L1 to prevent the future vulval precursor cells from fusing with
the hypodermis, making them competent to respond to the signal
from the gonadal anchor cell, through activation of the ERK MAP
kinase cascade, later in development (Clark et al., 1993).
To examine the validity of the proposed model, the importance of
the F and U cells in the response to infection needs to be assessed. It
was envisaged that this could be achieved by testing whether
expression of EGL-5 in these cells alone is sufﬁcient to rescue the
Bus phenotype of the egl-5 null mutant. To this end a promoter that
drives expression solely in these two cells was sought. Among the
genes that have been found, to date, to be expressed in the worm
rectum, only one, cdh-3, expresses uniquely in F and U (Pettitt et al.,
1996). Unfortunately, this gene is also expressed extensively outside of
the rectum, making the cdh-3 promoter imperfect for the intended
experiment. Instead, a promoter that drives expression in K as well as
F and U, was used: the bus-1 promoter (Gravato-Nobre and Hodgkin,
2008). Contrary to expectation, the expression of EGL-5 in F, U and K
did not rescue the Bus phenotype of the egl-5 null mutant. This is
possibly due to inadequate expression, since control lines expressing
GFP under the control of the same promoter showed only very faint
ﬂuorescence in the F, U and K cells. Alternatively, it may be that
expression of EGL-5 in F, U and K is insufﬁcient for the correct
speciﬁcation of these cells. Communication between hindgut cells hasbeen shown to be critical for their correct development. For instance,
in the male, cues from the F and U cells are required by some B cell
progeny while other B cell progeny need signals from the posterior
descendent of the Y cell (Chamberlin and Sternberg, 1993, 1994).
Pertinent to this situation is the demonstration that ablation of the B
cell in males causes defects in the U cell lineage (Chisholm and
Hodgkin, 1989). Corresponding effects in hermaphrodites may mean
that, evenwhen F and U express EGL-5, if the B cell does not, and does
not therefore execute its correct fate, the U cell would not receive the
necessary cues for its proper speciﬁcation. For this reason it may not
be possible to achieve correct rectal development without expressing
EGL-5 in all cells of the rectum.
The experiments presented here have demonstrated the necessity
for the patterning gene egl-5 for the response of C. elegans to
infection by M. nematophilum. The data also suggest that correct
development of the rectum confers on rectal cells the capacity to
respond to infection with the activation of the ERK MAP kinase
cascade. We have demonstrated that this cascade is required both for
tail-swelling and for a protective response that limits the severity of
constipation arising from infection (Nicholas and Hodgkin, 2004).
Although the tail-swelling aspect of ERK MAP kinase function is
clearly disrupted in egl-5mutants, the state of the protective response
in these mutants is more difﬁcult to assess. This is, in part, because
the protective role of the ERK MAP kinase cascade was revealed
through the scoring of constipation in infected animals. Infection-
induced constipation could not be scored in egl-5 mutant hermaph-
rodites since these animals are also constipated in the absence of
infection. Constipation most likely occurs in egl-5 mutants as a result
of the failure of the K cell to divide, a division that is required for the
generation of the neuron DVB. This neuron makes a neuromuscular
junction with the anal depressor muscle and, with neuron AVL,
activates the expulsion muscle contraction required for defecation
(Avery and Thomas, 1997).
Although the effect of egl-5mutation on the protective response to
infection could therefore not be assessed quantitatively, the effect of
infection on egl-5 mutants was observed to be qualitatively different
from the effect on the ERK MAP kinase mutants. That is, in contrast to
the signalling mutants defective in mpk-1 or other components of the
kinase cascade, development and fecundity did not appear to be
drastically affected in egl-5 mutants after infection. This suggests ﬁrst
that the swelling and protective responses to infection may be
separable, and second that tail-swelling alone may not in itself be
protective. These are both important issues which require further
investigation.
A possible explanation for the relatively good growth of egl-5
mutants on M. nematophilum, as compared to ERK MAP kinase
mutants, is provided by recently published observations on the
response of egl-5 mutants to intestinal infection by Staphyloccus
aureus (Irazoqui et al., 2008). These authors observe that egl-5 is
involved in the intestinal response to S. aureus, but also that egl-5
mutants are constitutively derepressed for a number of putative
antibacterial genes. So the pathogenic effects of M. nematophilum
may be partly ameliorated in egl-5 mutants, due to the production of
antibacterial factors, despite the defective tail-swelling. Distinguish-
ing between physiological and developmental roles of egl-5, or
testing contributions to parallel pathways, in the response to M.
nematophilum is not straightforward. Ideally, these questions could
be tested by examining the effects of speciﬁc rectal expression of egl-
5 during embryonic and larval development, but not at the time of
infection. An appropriate promoter is not available, however. Timed
expression of egl-5 under the control of a heat-shock promoter is also
not feasible, because of the generally deleterious effects of over-
expressing egl-5. The absence of mpk-1 expression in rectal cells F
and U in egl-5mutants does however strongly argue for an important
developmental contribution to this immune response, as discussed
above.
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n1439 by the identiﬁcation of an insertion, ∼13.8 kb upstream of the
start site of translation of this gene, which contains 19 copies of a
40 bp element. Since repetitive DNA sequences are often associated
with transcriptionally-inactive heterochromatin (reviewed in Elgin
and Grewal, 2003), it is possible that this insertion promotes
heterochromatic DNA packaging. The insertion lies close to an
element of the egl-5 intergenic region that is conserved between the
C. elegans and C. briggsae genomes. Any change in DNA packaging
caused by the insertion of this repeat might therefore disrupt the
control of expression normally mediated by this region of the
promoter, while leaving the expression that is controlled by other
promoter elements intact. In this way, the n1439mutation could cause
loss of egl-5 function in some, but not all cells, providing a plausible
explanation for the reported mildness of this allele (Chisholm, 1991).
Failure to express egl-5 in the HSNs would cause the Egl phenotype,
while not giving the Unc, Con, Bus or Mab phenotypes associated with
complete loss of egl-5 function. Consistent with this hypothesis, the
region of the promoter that is disrupted by the insertionwas shown to
direct expression in the HSNs, rescuing the Egl phenotype of egl-5
(n1439) worms.
The ﬁndings presented here underline the complexity of tran-
scriptional control of Hox gene expression; although expression of C.
elegans genes is usually controlled by ﬂanking regions no longer than
several kb, a promoter element nearly 14 kb removed from the egl-5
open reading frame is required for complete expression of this gene.
Furthermore, the ﬁnding that a Hox gene is required for the correct
response of the nematode to the bacterial pathogen M. nematophilum
demonstrates the capacity for this host-pathogen system to shed light
on aspects of rectal anatomy and development. The Bus phenotype of
egl-5 mutants reveals that the hermaphrodite rectal cells are in fact
abnormal, despite their wildtype morphology, and hence that egl-5 is
required for their correct differentiation. Conversely, the dissection of
the egl-5 promoter has allowed construction of rectum-speciﬁc
transgenes, which we have used to show that the swelling response
depends on ERK MAP kinase activation in the rectal epithelial cells
themselves, rather than in some other tissue.
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